Abstract. Soda lime glass is a very important material in diverse manufacturing industries, including automotive, electronics, and aerospace. In these applications, the glass surface needs to be defect free and without impurities. However, the machining of glass is difficult due to its inherent brittleness which leads to brittle fracture and easy crack propagation. This research investigates the high speed micro-end milling of soda lime glass in order to attain ductile regime machining. It has been found by other researchers that ductile mode machining can avoid brittle fracture and subsurface cracks. Also, in this study, a special air delivery nozzle is used to blow away the resultant chips and keep the machined surface clean. To accomplish this, Design Expert software and a commercial NC end mill were used to design and perform the machining runs, respectively. The surface roughness of the resultant surfaces was later analyzed with a surface profilometer. Microphotographs of the machined surfaces were also taken in order to see how effective the air blowing method is. The results of surface roughness measurements were then used to develop a quadratic empirical model for surface finish prediction. Finally, desirability function and genetic algorithms were used to predict the best combination of cutting parameters needed to obtain the lowest surface roughness. The predictions were later tested by experiments. The results demonstrate that this type of machining is viable and the roughness obtained is very low at 0.049 µm.
Introduction
Soda lime glass, a brittle material, plays an important role in modern industries, especially in aerospace, automotive, optical electronics, and semiconductor sectors [1] . This is due to its unique properties like chemical inertness, resistance to corrosion, high strength and stiffness at elevated temperatures, transparency to light and infrared etc. However, for these high-tech applications, the glass surface needs to be almost free of defects or impurities [1] . Such high surface finish and precise dimensions can be obtained through the selection of appropriate machining parameters so that ductile regime machining can be obtained [2] .
Ductile mode machining is a special class of ultra-precision machining which is used to machine brittle materials. In this type of machining, material is removed predominantly by the chip formation process and leads to crack-free machined surfaces with surface roughness as small as a few nanometers [3] . Several approaches have been investigated in order to achieve ductile regime machining, including: low depths of cut (in micro-meter range), negative tool rake angle, and high static pressures. This research uses high speed micro-machining to attain ductile mode machining of soda lime glass. Micro-machining takes advantage of low depths of cuts, usually between 1 and 999µm. On the other hand, high speed machining (HSM), more specifically end milling, exploits the glass transition temperature in order to cut without brittle fracture [4] .
Another challenge in glass machining has been the effective removal of chips from the machining site. Usually these chips adhere to the machined surface and thereby reduce surface integrity. Mahmud et al. [5] used a commercially available high pressure airline kit to blow away the resultant chips and obtained defect free surface in HSM of single crystal silicon. The current research built on the works of these researchers and successfully applied compressed air, delivered by a specially designed nozzle and fixture, in order to attain defect free machined surface in soda lime glass. Since a commercially available air delivery mechanism was used, the technique is very economical and cost effective.
Subsequently, the research investigated the effect of the three primary machining parameters (spindle speed, axial depth of cut, and feed rate) on the ductile regime machining and the attainment of fine surface finish. Finally, coupled response surface methodology (RSM) and genetic algorithm (GA) was used to model and optimize the resultant average surface roughness. The predictions were further validated using designed experiments.
Experimental Details
Machining runs were conducted on a 5-axis DMU 35M Deckel Maho NC mill. A NSK Planet 550 high speed attachment (65,000 rpm) was attached to the spindle and connected to the air supply via the Nakanishi AL-0201 Air Line Kit, which controlled the high speed attachment by regulating the compressed air flow. The set-up also consisted of another air supply for the air blower. Fig. 1 shows the experimental setup for the high speed micro-end milling of soda lime glass with uncoated tungsten carbide tool.
A micro-grain cemented carbide tool with plasma CVD coating (diameter = 2 mm, rake angle = 5º) was used to machine rectangular specimens of single crystal silicon (dimensions = 20 mm x 15 mm x 5 mm). The subsequent face of the work-piece was securely bonded with aluminum plates. At the beginning, the silicon workpiece was leveled by the abrasive diamond grinder wheel.
The input parameters were: spindle speed (30000-50000 rpm), depth of cut (10-20 µm), and feed rate (6-18 mm/min). Compressed air (0.35-0.40 MPa) was used to blow the chips from the machined surface.
Experimental runs were designed using the Design-Expert software (DOE version 8.0.7.1) based on a 3 factors 5 levels Face Centered Central Composite Design (FC-CCD) model of Response Surface Methodology (RSM) in order to model average surface roughness 'R a '. The three input machining parameters were: spindle speed (rpm), axial depth of cut (µm), and feed rate (mm/min). These parameters were varied within fixed ranges taking into account the limits of the machine and 104 Machine Design and Manufacturing Engineering III the machining process: 30,000 to 50,000 rpm, 3 to 7 µm, and 5 to 15 mm/min, respectively. The air blowing pressure was kept constant at 0.35 MPa. The soda lime glass was cut into small sizes from preparation of the experimental sample. The bottom face of the glass work-piece was securely bonded with aluminum plates. At the beginning, the soda lime workpiece was leveled by the abrasive diamond grinder wheel. Finally, after machining, the surface roughness was measured using SurfTest SV-500 surface profiler. The tool used was 0.5 mm uncoated tungsten carbide as shown in fig. 2 . Table 1 lists the experimental runs.
Results and Discussion
Model Generation. The Fit and summary test, table 2, indicates that the quadratic model had the least significant lack of fit (LOF). ANOVA analysis was then carried out to check the validity and confidence level of the developed empirical model, as displayed in table 3. The 'Model F-value' of 21.00461 shows that the quadratic model is significant and there is only a 0.02 % chance that a 'Model F-value' this large could occur due to random noise. Thus, the quadratic CCD model with a confidence level of more than 95% was selected for modeling the surface roughness (Eq. 1, below). The contour plot for this optimum solution is shown in fig. 3 and the 3D plot of the desirability is shown in fig. 4 . It was then verified by actually conducting machining operations on a sample of soda lime glass with the recommended machining parameters. The experimentally obtained Ra value was 0.066 µm and the error in prediction was 26.9%. Fig. 5a is a microphotograph of the surface obtained as per the cutting parameters suggested by RSM for obtaining minimum surface roughness. It is noticeable that there is very little surface contamination due to chips on account of the air blower.
Optimization Using Genetic Algorithm. GA in Matlab 2010 was also used to predict the optimal surface roughness attainable. The same machining parameter ranges were used for this optimization. In order to find the fitness function, GA was coupled with the output of RSM modeling. Thus, the quadratic empirical equation developed for surface roughness was used as the fitness criteria function in GA. Fig. 5b is the microphotograph of the machined surface obtained by using the 
Conclusions
1. The results demonstrate that high speed micro-end milling of soda lime glass using 0.5 mm uncoated tungsten carbide tool and compressed air blowing is a viable machining approach. 2. The empirical model developed is effective in predicting average surface roughness. 3. Coupled RSM-GA optimization is better with minimum roughness prediction of 0.049 µm. 
